Carbon fiber reinforced carbon (CFRC) composites, also called carbon/carbon (C/C) composites are materials with superior characteristics such as low density, good thermal shock resistance, high strength and low ablation under severe environments. Due to their properties, CFRC composites are ideal candidate in the high temperature fields. By pyrolysis process, carbon fiber phenolic resin composites are converted in C/C composites. The phenolic resin is a non-conductor (electrical resistivity of 10
Introduction
Nowadays, advanced composites plays an important role in the aerospace industry. Aircraft brakes and rocket nozzle throats belongs to the class of carbon fiber reinforced carbon (CFRC) which are components where the requirement to withstand high temperatures and thermal shock resistance is required 1 . CFRC composites are materials based on carbon fibers embedded by a carbon matrix. The refractory characteristic of CFRC composites makes them able to retain mechanical properties under high temperature environments. Processing of CFRC composites are layed on two main routes, named liquid route and gas phase route, which requires heat treatment cycles. In the liquid processing route, which uses pitch (thermoplastic) or thermoset resin, high temperature heat treatment gives rise to solid carbon composite by converting the organic matrix to a carbon matrix 2, 3 . In the gas phase processing route, the decomposition from gaseous hydrocarbon (e.g., methane, propylene) result in carbons deposited on porous fibrous substrates. In this case, carbon gas bearing flux, temperature and pressure are tightly controlled and the process is called chemical vapor infiltration (CVI) 4 . Processing routes of CRFC composites have been described in the literature 5, 6 . Depending on application and design requirements thermoset resins based on phenol-formaldeyde are the most used. Also, easy processing and reasonably carbon yield makes phenol-formaldyde polymers attractive for using as precursor matrix for CFRC composites 7, 8 . Convertion of phenolic resin/carbon fiber composites into CFRC composites is acomplished by rupture of the original molecular structure converting the polymer matrix to an amorphous carbon material by the action of heat 9 . During heat treatment important microstructural changes occur in the phenolic resin/carbon fiber composite which affect its thermomechanical behaviour 10 . The main microstructural change is related to the convertion of the polymer matrix (insulator) into a conductive carbon material, resulting from molecular rearrangement, release of evolved volatiles and pore and crack formation [11] [12] [13] . This also have an effect on physical properties, such as density, stiffness, strength, thermal conductivity, thermal expansion and electrical resistivity/conductivity. Therefore a number of experimental methods and techniques can be used for monitoring and measuring the progress of the heat treatment processes related to the convertion of a pristine phenolic resin/carbon fiber composite into a CFRC composite. For instance, weight changes during heat treatment of carbon materials can be monitored by thermogravimetric techniques, and dimensional changes can be monitored by dilatometric techniques 14 . Electrical resistivity has long been used as technique for monitoring and quality control of several important industrial process, such as graphite manufacturing and SiC manufacturing [15] [16] [17] . So, changes in electrical resistivity (or electrical conduction) during processing can be associated to changes in materials microstructure, resulting in useful information for process understanding and as a quality control tool 18, 19 . Farhan 20 , for instance, monitored the processing of CFRC composites by CVI technique using electrical resistivity technique. Carbon fiber preform in the form of a needled punched felt with an apparent density of 0.18 g/cm 3 was used. The carbon fiber preform was fitted to a furnace, and an electric current, low voltage, passed through the preform producing heat energy by Joule effect. As a result the pyrocarbon was deposited from natural gas (~98% CH 4 ), up to reaction temperature. The carbonization temperature was set at 900-1200 °C. Electrical resistance varied from 0.10 to 0.44 Ω after 67 hours of deposition and a final density of 1.78 g/cm 3 was obtained. Electrical resistivity (or electrical conductivity) of a solid material is a function of electronic charge multiplied by the electron movement e by the electron flux concentration, in the conductor 21, 22 . Specifically, the direct current (DC) technique is based on the application of an electrical potential V [volts, J/C] through the body of a material, where a current of magnitude i [amperes, C/s] flows through it. In many materials at low voltage values the current is proportional to voltage (V) and the electrical resistance (R) in ohms, which is described by the Ohm´s law (i = V/R). The electrical resistance (R) unlike electrical resistivity ( ρ) depends on the size and shape of the sample. The relationship between the electrical resistivity (ρ) and the electrical resistance (R) is given by Equation 1 [23] .
Electrical Behavior of Carbon Fiber/Phenolic Composite during Pyrolysis
Where l is length and A is cross-sectional area of material. Among the physical properties, the electrical resistivity can change significantly with temperature. According to Arrhenius law as far as the temperature increases the electrical resistivity decreases 24, 25 . Various experimental assemblies have been described in the literature for resistivity measurements. However, most of them refers to those employed at low temperature. Those employed at high temperature are designed to meet the specific requirements of high thermo-mechanical applications 26 . In this work, electrical resistivity was monitored during the progress of heat treatment of a 2D carbon fiber/phenolic resin composite towards conversion to a CFRC composite up to 1000°C. Electrical resistivity measurements were carried out in the direction of fibers axis. The measurements of electrical resistivity were conducted in accordance with the ASTM C611-98 [27] standard.
Material and Characterization

Material
A resole phenolic resin, tradename CR2830, supplied by SI Group Crios Resinas S.A, was used as carbon matrix source. CR2830 resin has molecular weight of 194 Daltons and dynamic viscosity of 165 mPa.s/25°C. It begins to gel around 120°C, and its final density is 1.22 g/cm 3 . An advantage of using resole type phenolic resin is its ability to crosslink by means of heat without incorporation of a curing agent 28 . The char yield of this resin is 55-60%/mass yield at 1000°C heat treatment in inert atmosphere.
The carbon fiber fabric used in this work was a plain weave fabric, from Hexcel Co., areal weight 190g/m 2 , which is an aerospace grade high strength ex-PAN carbon fiber (density 1.78g/cm 3 ), heat treated at 1400-1500°C, according to the manufacturer.
Experimental
Carbon fiber phenolic resin composites were made by stacking 10 plies of the plain weave fabric patterned in a 0/90° direction. The composite was molded by vacuum bag technique using a standard vacuum pump with a pressure of 0.7 MPa. Cure was done in hydraulic press, following a programmed cure cycle up to 180°C. The carbon fiber weight fraction and matrix weight fraction after composites have been molded were ~65%/weight and ~35%/weight, respectively. Density of moulded carbon fiber phenolic resin composite was 1.50 g/cm 3 . After moulding, composites were trimmed to approximate dimensions of 10 mm width, 110 mm length and 4 mm thickness.
For evaluate the weight loss, thermogravimetric analysis (TGA) was done in the carbon fiber/phenolic resin composite, using N2 atmosphere (10 mL/min flux), from 25°C up to 1000°C, under a heating rate of 10°C/min. The TGA tests were performed using Perkin Elmer equipment model TGA7HT.
Measurements of electrical resistivity were performed in situ during the heat treatment from room temperature up to 1000 o C. The heat treatment was done in a EDG furnace, model EDGCON 5P, under nitrogen atmosphere, gas flux of ~2 L/min, and heating rate of 3 °C/min. The samples were fixed by four equidistant (30 mm) steel screws used as probes for current and potential. Electrical Kanthal A1 wires of about 0.5 mm diameter were fitted to the screws, as shown by Figure 1a , b. The experimental set-up of the electrical resistivity measurements, as well as the specimens, are shown in Figure 1a , b, respectively Figure 1 .
In order to obtain pyrolysed composites at progressive levels of heat treatment, samples were pyrolysed, under nitrogen atmosphere, at a heating rate of 3°C/min, from 300 o C up to 1000 o C, at intervals of 100°C. After pyrolysis at each temperature level, sample cross section were sectioned and mounted in a resin. The polishing was accomplished by grinding in SiC abrasive paper and diamond polishing with synthetic wool, according to stardand materialographic sample preparation procedures 29 . Cross section of the composites was examined by a Carl Zeiss AxioImager A2m optical microscope, under 50x magnification. Representative images were taken in five different regions of the cross section from each sample. Image analysis was done by a sampling procedure were a number of images acquired from each specimen were chosen in order to obtain a representative view of the whole polished sample. The images recorded were treated in order to segment the pores and microcracks (dark areas) in the image. The image analysis procedure consisted in: (1) contrast enhancement, (2) conversion to 8 bits gray scale (256 gray shade levels), (3) threshold adjustment, (4) image treatment, in order to measure dark feature areas. The concept of threshold allows identification of pores and microcracks from the background determining the amount and area fraction. A statistical analysis was conducted to get the mean area of dark fields and standard deviation for each set of images. This analysis allows following the microstruture development during pyrolysis of the carbon fiber/phenolic resin composite 30 . Volume fractions of fiber, matrix and pores were calculated by using simple micromechanic equations. Thus, the volume fractions of fiber, matrix and pores can be obtained by Equation 2.
Where : V i = volume fraction of fiber or matrix; M i = weight (mass) fraction of fiber or matrix; ρ c = composite density ; ρ i = density of fiber or matrix.
The pore volume fraction can be estimated by calculation from Equation 3.
( )
A Labview subroutine was implemented to obtain data of electrical resistivity, simultaneously to the heat treatment of specimens. Labview is called virtual instrument since its appearance emulates the operation of physical instruments, such as oscilloscopes and multimeters. The input parameters were the dimension of the specimen and multimeters readings (voltage and current), in order to obtain results of electrical resistivity. Five readings were obtained at programmed temperature interval during heat treatment. In this work two multimeters model Fluke 8846A (voltage source and current source) were used.
Results and Discussion
Measurements of density changes, linear shrinkage and weight loss have been done by many authors 31, 32 . As example, results for in situ density changes of a pristine phenolic matrix were obtained previously by Schueller 31 , as shown in Figure 2 .
Pyrolysis up to 1000°C shows a monotonically increase in density from 1.22 g/cm 3 (phenolic resin) to ~1.50 g/cm 3 (carbon char). During heat treatment of the composite the change in microstructure of the composite studied in this work is only due to the matrix. Figure 3 shows the TGA analysis for a cured carbon fiber phenolic resin composite and TGA analysis for the CR2830 phenolic resin. The morphological and molecular Density change during pyrolysis of thermoset phenolic resin up to 1000°C [31] . changes for phenolic resins during pyrolysis have been described in the literature 31, 33 . Up to ~350°C, there are no significant molecular size changes, only small molecular bridge transformations occur. Beyond 350°C, the cracking phase occurs, related to molecular degradation, reduced molecular mass [33] [34] [35] . Elements such as H 2 O, CO, CO 2 , H 2 are released as volatiles. The condensation of molecules from aromatic rings and the volatilization these elements lead to weight loss and shrinkage of the phenolic resin. Until 550°C occurs release of water, phenol and CO 2 . Methane, ethane and hydrogen are released up to 800°C. The most significant weight loss occurs between 400° and 700° C.
At 700°C the phenolic resin is converted slowly into an amorphous carbon. The phenolic resin exhibits a carbon yield of 55%/mass. In the composite, the weight loss starts at ~250°C. A significant inflection begins at ~500°C and the maximum lost weight occurs up to limit of 600°C. This weight lost is equivalent to 10% and refers just to the phenolic resin, since fabric plain weave is aerospace grade quality, and, therefore, stable until 1500°C.
Taking weight fractions of fiber and resin matrix in the pristine composite and changes in density of the matrix during heat treatment from Figure 2 , it is possible to estimate weight fractions and volume fractions of fiber, matrix and pores, according to Equations 2 and 3, at definite temperature levels. Table 1 shows the calculations.
Significant changes are observed in the matrix volume fraction and pore volume fraction, which are related to density changes in the matrix and gas release during heat treatment, respectively. Figure 4 shows the calculated values for void/pore evolution during pyrolysis of the pristine composite (carbon fiber phenolic matrix composite), according to values from Table 1 , and based on initial weight fractions of carbon fiber and phenolic resin matrix. Calculations were performed considering no significant volume change during heat treatment of the composite during the heat treatment. The changes in density were taken from Figure 2 .
Typical micrographs of the pyrolysed carbon fiber/phenolic resin composite at defined levels of heat treatment are shown in Figure 5 . Through the image segmentation procedure stated previously in this work, the pores and micro cracks were isolated from matrix, resulting in image shown in Figure 6 .
Analysis of micrographs shows pores and cracks of various sizes. The origin of these features in the pristine composite can be due to shrinkage mismatch between fiber and matrix during cure which can cause micro cracks or water vapor release from the polycondensation reaction which can cause pores. During heat treatment the network of micro cracks progressively increase due to gas release. Figure 5 and Figure 6 show that pore formation and delamination occur progressively as heat treatment temperature goes further until 1000°C. Figure 7 shows that there is a minor degradation (pore and micro crack formation) until temperatures approaching 500 °C.
The small fluctuations observed in the pore volume fraction until this temperature can be due to sampling strategy and to a non-homogeneous pore formation throughout the composite. Afterwards, from 500°C up to 600°C occurs a pronounced increase in pore volume fraction, indicating that the degradation process, due to the pore and delamination formation, has its occurrence mainly in this temperature range. Above 600°C the fluctuations in the pore volume fraction remains almost constant at about 20%/volume. These results are compatible and in a reasonably agreement with the microstructures analysis showed in Figure 5 and Figure 6 . Studies upon variation of pores volume in composites based on phenolic resin as function heat treatment have been reported by several authors. For example, Šupová et al. 36 observed the appearance of mesopores and macropores having sizes of 2 to 50nm and greater than 50nm, respectively, in the temperature range from 500°C till 1000°C during pyrolysis. 35  55  43  2  300  66  34  55  42  3  400  67  33  55  39  6  500  69  31  55  34  11  600  71  29  55  32  14  700  72  28  55  28  17  800  73  27  55  26  19  900  73  27  55  25  20  1000  73  27  55 24 21 The phenolic resin is a non-conductor material (electrical resistivity of ∼10
12 Ω.m) and during heat treatment of the carbon fiber phenolic resin composite, it is converted to a carbon matrix which is a conductor. The electrical resistivity decreases monotonically as heat treatment temperature increases, ranging from 0.08 mΩm to 0.04 mΩm. The formation of pores and cracks, as seen in Figures 5 and Figure 6 , should hinder electrical conduction, resulting in an increase of electrical resistivity. However, the electrical resistivity decreases as a function of the heat treatment temperature. This indicates that conversion of a non-conductor material (phenolic resin) to a carbon matrix (electrical conductive material) has a more significant effect upon the electrical resistivity than the formation of a porous network structure which hinders electrical conduction.
If during a process the temperature is the driving force, i.e., it can be described as temperature dependent, the Arrhenius law can be regarded as a parameter that indicates how sensitive a variable is in relation to temperature. The Arrhenius equation plays an important role in thermal treatment dependent processes because it denotes the temperature dependence in terms of only two parameters: A (pre exponential factor) and Ea (activation energy). So, decomposition of a material by temperature can be represented by Equation 4 , called Arrhenius equation.
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In its logarithmic form the Equation 4 turns to Equation 5 [37] , as follows.
So, the electrical resistivity as a function of temperature can be described by the Arrhenius law. In its simplest form the Arrhenius law may be expressed by Equation 6 [38] .
ln ln
Where : ρ → electrical resistivity to be found, in Ω.m. ρ 0 → initial electrical resistivity of material, in Ω.m. E A → activation energy for electrical conduction process, in kJ.mol -1 . R → universal gas constant, in J. K -1 .mol -1 . T → absolute temperature, in K.
Plot of ln ρ as of a function 1/T represented by Figures 9 results in a graph quite linear, where Ea is the slope of Arrhenius plot and can be calculated by Equation 7 [39] : a E slope R − =
(7)
By curve fitting method, the Arrhenius plots is shown according to Figure 9 . From the linear graph of ln ρ as a funcion of T -1 as shown in this figure and taking into account the Equation 7 using R whose value is 8.315 J. Activation energy for decomposition of many synthetic polymer materials can be determined by different ways. For a carbon fiber/phenolic resin composite the activation energy can change during the heat treatment, depending on many factor, such as the change of chemical morphology , approximately. In both cases this energy was calculated in terms of percent weight remaining during the pyrolysis process of the fiber carbon/ phenolic resin composite 40 . On the other hand, Marsh et al. 41 found in order to semicokes from pitch pyrolysis values in range of 98 to 345 kJ.mol -1 , besides in their work the activation energy for many polymers under decomposition can lay between 200-310 kJ/mol. The results of activation energy found in this work were much lower than the values mentioned in the literature.
The mass changes (weight loss) can result in a high activation energy, result of significant morphological changes. The activation energy to convert a non-conducting material (phenolic resin) to a conductor one (glassy carbon) is low possibly because changes in heat treatment results in enhanced electrical conduction.
Conclusion
In this work, pyrolysis of carbon fiber/phenolic resin composite was accomplished by measurements, in real time, of electrical resistivity as a function of temperature. The determination of electrical resistivity was accomplished using the four-probe method according to ASTM C611-98 [27] . The electrical resistivity of carbon fiber/phenolic resin composite was 0.08 mΩ.m and reduced to 0.04 mΩm after its conversion to a carbon fiber reinforced carbon matrix at 1000 °C. Progressive increases in pore volume occur during heat treatment concomitantly in situ conversion of a non-conducting phenolic resin to a vitreous carbon matrix. The maximum total apparent activation energy during pyrolysis process was found using curve fitting method of the Arrhenius plot, resulting in a value of ∼12 kJ.mol -1 . The final pores volume of the composite was ∼20%/volume. Despite pore formation during pyrolysis, which should hinder the electrical transport, the convertion of the phenolic resin (non-conductive) to a vitreous carbon matrix plays an important role in reducing the electrical resistivity. Electrical resistivity is also a tool for quality control since it can relates the microstructural features with levels of process heat treatment.
